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Tools ;
The Three Frontiers of Particle Physics

Energy Frontier

use high-energy colliders to
\ discover new particles and

directly probe the properties
of nature

Matter/Anti-matter

\ : Asymmetry Dark Matter

Origin of Universe

Unification of Forces

B New Physics ’
: eyond the Standard Modé

use intense beams to observe reveal the natures of dark
rare processes and study the

matter and dark energy and
particle properties to probe S o ohe the architecture of the

physics beyond the SM. jer The € universe.

from C. Baltay’s talk at the P5 meeting, 29 May 2008



Project-X 1C2

Evolution of Project X: 3 Simultaneous Beams

2 MW CW (continuous pulses at 325 MHz) 2* GeV protons
rare processes and precision measurements
flexible time patterns and pulse intensities

20 — 200 kW 8 GeV protons
rare processes and precision measurements

2 MW 60 — 120 GeV protons (to Homestake) for neutrinos

2 MW at 2 GeV

—_ s

20-200 kW at 8 GeV

2 MW at 60-120 GeV
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Features of Neutrino Physics at Project-X

e High beam power from Project-X is needed.
e A wide band beams to observe oscillation peaks
e | arge detectors at DUCEL



Neutrino Mixing Matrix
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Neutrino Mixing and Mass Ordering
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Neutrinos and the Standard
Model

Massive neutrinos have several implications
beyond just lepton flavor oscillations:

- Neutrinos may have a non-zero
magnetic moment.

- Heavier neutrinos could decay into
lighter ones

- They will have an effect on the CMB
spectrum

- CP violation in early universe?
- Hint of unification scale below GUTs




Neutrino Facility at Fermilab

Target Hall + Decay Pipe + Absorber + Near Detector Hal




Davis Cavern Yates Shaft Ross Shaft

Existing Drifts

Lab Modules

Excavation Drifts
at 5040L

. Access Drifts
New Winze 2t 4850L

to 7400L #6 Winze




soociuen~ VVater Cerenkov spectra for NuMlI-like beams

with a 280m DP length

ATIONAL LABORATORY

LBNE Physics 120 GeV, 250kA 120 GeV, 350kA
and Beam
Designs
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sooinyen. Oensitivities for various NuMI-like beam options
ST with a 280m DP length

LBNE Physics
and Beam Mark Dierckxsens
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MiniBooNE
What produced the excess seen by LSN
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* Not conventional neutrino oscillations (98% CL)

e LOW energy excess remains unexplained




New Physics in Neutrino Physics

@ Possible signhals of new physics in the neutrino sector:
» Non-standard interactions
» Non-unitary mixing
» Mixing with sterile neutrinos
@ High-intensity neutrino beams can significantly improve bounds, but
discoveries still require very large new physics effects
@ Another use of future neutrino detectors:
Search for light, long-lived hidden sector particles (— Dark Matter?)

@ An interesting near-future possibility: Emulsion Cloud Chamber (v
detector) in the NuMI| beam

» Sensitive to non-standard decay = — v~ (down to BR < 107°)
» v, detection desirable for optimum coverage of flavor space




Search for European Deep Underground Lab Site
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J-PARC Future Plan for Improvement of Fast
Beam Extraction

AN EXPECTED BEAM POWER CURVES

FOR RCS AND MR FAST BEAM EXTRACTION
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MUONS



Features of Muon Physics at Project-X

e High beam power (~2 MW) from Project-X to produce
enoumous number of muons
¢ 3 (potential) capability to manipulate different beam time

strucutre
e from CW to pulsed (of 1kHz)



Why Muons ?

Guidelines for Rare Process Searches

(1) Many particles are needed. More is better.

The muon is the lightest unstable particle and
therefore given energy more muons can be produced.

(2) Backgrounds in theoretical & experimental should be less.

The muon does not have strong interaction, and
therefore the processes with muons are theoretically clean.



List of cLFV Processes with Muons
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MEG and its Upgrade

Liquid Xenon
COBRA Magnet - nqj,,f / Scintillation Detector
/

Thin Supercond?cting Coll

Il '
|

|

Stopping Target

Tlmlng Counter
Muon Beam \ ; : :

n.—f \

\

)\ Drift Chamber

®|mprovement of photon detector
esmall PMT and large coverage
e Polarized muon decay

|
|

J

Muon beam up to 103/sec Xenon detector
Acceptance ~10% Resolution
DAQ time 2-3x107sec pile-up rejection
Positron spectrometer
resolution




Why Muon to Electron Conversion
at a Sensitivity of <1087

B(uTi — eTi) x 1012 fitle10 Calibbi, Faccia, Masiero,
1000 Vempati, hep-ph/0605139

100

BR~10718

1000 1200 1400 1600

]V[l/tz((;ff\/)

Full coverage of SUSY parameter space can be made.
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PRISM=Phase Rotated \
Intense Slow Muon source e

PRISM Muon Beam PRISM

Capture Solenoid

muon intensity: 10''~10'2 /sec
central momentum: 68 MeV/c
narrow momentum width by phase rotation matching section
pion contamination : 1020 for 150m Solenoid
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Detector \ |

RF Power Supply

Phase rotation = accelerate ) &
slow muons and decelerate /‘ikﬁ
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My previous Project X Workshop Summary for g-2

E821 final error:
+ 0.48 ppm statistical
+ 0.27 ppm systematic

Discussion: Three Phases for FNAL implementation

m Phase 1: u* measurement to 0.1 ppm statistical
¢ Requires Nova type upgrades, beam manipulations and ~4x102° p

¢ Can do in pre Project X era

B Phase 2: u- measurement to 0.1 ppm (or lower)
¢ Requires ~2-3 x more protons due to lower - cross section

¢ Would benefit from Project X

m Phase 3: All “integrating” with much higher proton beam and
restricted storage ring acceptance to lower systematics

¢ Requires Project X




“Frozen spin” technique to measure EDM

* Turn off the (g-2) precession with radial E  Up-Down
detectors measure EDM asymmetry

* Look for an up-down asymmetry building up with time




Connection between MDM, EDM and the lepton
flavor violating transition moment u — e

SUSY —> slepton mixing MDM, EDM




KAONS



Features of Kaon Physics at Project-X

ea CW beam would be required to kaon physics
e a TOF neutral K beam is unique to carry out KL.—1tvv



Flavor Physics at the LHC Era

New Physics found at LHC

= New particles with unknown New Physics NOT found at LHC
favor- and CP-violating couplings

Precision «, K, B, 1, and t expts Precision «, K, B, u, and t expts will
will be needed to help sort out the be needed since they are sensitive
flavor- and CP-violating couplings to NP at mass scales beyond the
of the NP. LHC (through virtual effects).

Kt— n*VvV and K — t®VV have
special status because of their small
SM uncertainty and large NP reach.

Precision measurement of B(K*— m*VV) is an immediate high priority.
-t is experimentally more accessible than the neutral mode.
—The outcome will guide the Project-X Intensity Frontier program.




K—1nivv Theory Developments:

Charged mode better controlled than neutral-mode !

P996 proposal charged

CKM 2009

@I 201 4

(8.5 + 0.5)x10-11 (2.5 +0.3)x10-11

Kronfeld



Sensitivity of Kaon Physis Today

« CERN NA62: 100 x 102 measurement sensitivity of K*—>e*v

e Fermilab KTeV: 20 x 10-2 measurement sensitivity of K 2 uuee
e Fermilab KTeV: 20 x 1012 search sensitivity for K >nue, npe
« BNL E949: 20 x 1012 measurement sensitivity of K*>m+vv
* BNL E871: 2 x 1012 measurement sensitivity of K ~e‘e
« BNL E871: 1 x 1012 search sensitivity for K, ~pe

Probing new physics above a 10 TeV scale with 20-50 kW of protons.
Next goal: 1000-event wvv experiments...10-14 sensitivty.




The road to much :
higher beam PI"OJZCT X ICD-2

power:
To MI neutrino,
8-GeV programs

Kaon Production vs. T,
RCS 2-8 GeV

1 mA 100% d.f. S

1-mA ave beam dipole

CW RFQ, } 2-GeV SC Linac | [Pulsed]

chopper

5-ms pulse
10 Hz

O,IZ< GeV 1
K production (<1 GeV): ~
p ( ) OIZ<4 GeV 3 O

ICD-2

beam intensity: ~ 300
P 7" TAGS

ICD-2
AGS

K flux: 10




IC2 is high power, but what about kaon yields ?
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|IC2 Kaon yields at constant beam power for
stopping K+ and TOF-based KL experiments

¢
¥
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17 < 0 < 23° 1 #

500 < p < 600 MeV
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Optimum Energy for Stopped and Slow Kaon
Experiments

. Tp=4—8 GeV. 1000 event plausibility begins around 2.6 GeV.

» For pure K° experiments: T =2.6-3.0 GeV. Potentially of great
interest for K° - mee experiments [Nguyen]

e What's the cost? IC2 is a $1B class facility (DOE TPC accounting)
Raising the IC2 beam energy by 500 MeV increases the TPC by about
8%.

Recommend T,=2.6 GeV with upgrade option to 2.9 GeV.



Standard Model via Nuclear Physics



Standard Model via Nuclear Physics

e A high beam power is required to produce radioactive
nuclel.



Search for an electric dipole moment and physics beyond the

standard model

(A

permanent EDM violates both time-reversal symmetry and parity

~

A

TN S N

E

Quark EDM

Quark Chromo-EDM

Electron EDM

——

DMl TSpin/

Physics beyond
the Standard
Model:
SUSY, Strings ...




EDM measurements: the SM extension slayers

@
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G. Savard Standard Model via Nuclear Physics




Enhanced EDM of ??°Ra

Enhancement mechanisms:

 Large intrinsic Schiff moment due to octupole deformation;
» Closely spaced parity doublet;
\_* Relativistic atomic structure. Y,

Haxton & Henley (1983)
: Auerbach, Flambaum & Spevak (1996)
Parity doublet Engel, Friar & Hayes (2000)

Enhancement Factor: EDM (22°Ra) / EDM ('°°Hg)

Skyrme Model Isoscalar Isovector Isotensor

_ SkM* 1500 900 1500
W= (|o) - [BV2
55 keV SkO’ 450 240 600

W= (joy + [BINV2

Schiff moment of 1°®*Hg, de Jesus & Engel, PRC (2005)
Schiff moment of 22°Ra, Dobaczewski & Engel, PRL (2005)

G. Savard Standard Model via Nuclear Physics




A proposed path for higher sensitivity: EDM of **’Ra at
Argonne (Z.T. Lu et al.)

\ /Status and Outlook

 First atom trap of radium realized

~

Oven:
Guest et al. Phys Rev Lett (2007
225Rq (+Ba) y (2007)

« Search for EDM of %2°Ra in 2009
! Improvements will follow /

225R g

Nuclear Spin = 2
Electronic Spin =0
t,, = 15 days

Zeeman
Slower
Magnheto-optical

\ Trap

Cw

« Large enhancement:
EDM (Ra) / EDM (Hg) ~ 200 — 2,000
- Efficient use of the rare %°°Ra atoms
 High electric field (> 100 kV/cm) .
| > Optical
* Long coherence times (~ 100 s) o -

hy trap #°Ra atoms

L | dipole trap
* Negligible “v x E” systematic effect

A

Argon ne G. Savard Standard Model via Nuclear Physics
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A proposed path to improve the e-EDM measurement

B Best limit on the e-EDM comes from measurements with an atomic beam of TI
o 7 orders of magnitude improvements in 50 years
e No improvements in the last 7 years
B New technology needed - atomic fountains
— Demonstrate feasibility with Cs
— Obtain best limit with Fr ( 9 times more sensitive to e-EDM)

e Fr production with 500 kW of 2 GeV protons would give a factor
100-1000 gain in Fr production over any existing facility
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n-EDM searches ... intense UCN sources needed
nEDM Experiment at the SNS

*

B Large n-EDM experiment in egemie Sy o %’:
preparation in the US at the SNS

B UCN offer unique advantages for TRl om0
these studies and there is intense E3 - Neutron Beam
activity worldwide to create stronger "
sources

B A few % of the 500 kW proton beam
could provide a cutting edge facility

4 Layer p-metal Shield Magnetic Coil and

for such studies in the US shielding package

Source Type Ec (neV) pucn (UCN/cm3) Status Purpose
LANL Spallation/D2 180 35 Operating UCNA/ Users
ILL Reactor/ turbine 250 40 Operating n-EDM/ Users
Pulstar Reactor/D2 335 Construction Users

PSI Spallation/D2 250 Construction n-EDM
TRIUMF Spallation/ HE-II 210 Planning n-EDM/ Users
Munich Reactor/D2 250 R&D Gravity

SNS n beam/HE-II 130 R&D n-EDM

A

Argon ne Standard Model via Nuclear Physics
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US/Fermilab Strateqgy at the Energy/Intensity Frontier

Energy

Frontier
Intensity
Frontier

Tevatron (LHC) ILC, Muon
Collider \FY2012)

protons

NuMI —> NuMl —> Project X =5 v Factory
(260kW) (700kW) 2 MW (120GeV) for v
Booster i L 2MW(2GeV) + 200kW(8GeV)

MINOG NOVA 1300km basels
MiniBooNE DUSEL WC / LAr
SciBpoNE MINERVA (+Proton Decay,..)
ArgoNeuT  MicroBooNE

workshop is

Muze Muze I about\his physics
ug-2 w g-2li
K* (KK, , K*) Il

EDM (u, A, %) I
Nuclear Physics

Vhite Paper

aysics with Project X
29 4th Intensity Frontier Workshop: Young-Kee Kim, Nov.9-10, 2009 2& Fermilab

time >



Roadmap of Particle Physics 2002

based on muons Based on common technologies

Muon FaC’[OI’y Neutrino Factory Energy frontier
Muon Collider

muon LFV, - 2~4 TeV
muon g-2,

16 GeVlic

Proton Dri 5102
muon EDM EalR e ) Bndoic ol Proton

Accelerator

muon application Hg Target

Capture
Drift
Buncher
Bunch Rotation [
Cooling

Channel

Acceleration

Linac 1 100 MeV/c
5 7 muons

Muon
Acceleratars

10 GeV
muons

‘\(oplional)’ ! High
o~ g = Energy
~Acceleration N\, muons

V | ) C-shaped + B -
R ring = Dogbone RLAs ’ \\“
Detector — . B o som 09 - 3.6 Ge :

3.6 - 12.6 GeV = 1{ Muon Collider ]
f i 2 \ /

— Higgs, tt, WW, ...




Summary




